Background: Mild hypothermia (32-34°C) improves resistance to ischemia-reperfusion (I/R) injury. However, the mechanisms by which it affects human cellular function are not fully elucidated. To further test for hypothermic modulation of global biological processes, we used DNA microarray technique to detect the overall gene expression profile. Methods: Human umbilical endothelial cells (HUVECs) were incubated under control condition (37°C) or mild hypothermia (33°C) for 2 hours after stimulated ischemia. Detection of differentially expressed genes was performed with Affymetrix U133 plus 2.0 arrays and PARTEK software. We used DAVID and KEGG Pathways database to identify global trends in gene expression data. Results: Our analysis has identified numerous interesting genes and processes that are differentially presented in hypothermic group when compared with normothermic control. The cell cycle was the most prominent process; several genes involved in cell apoptosis and proliferation displayed significantly differential expression; lower transcriptional level was observed for genes involved in chemokine and cell adhesion processes; genes associated with activity of transmembrane transporter and lipase were also under-expressed. Conclusion: Our data indicated that mild hypothermia altered endothelial expression pattern under the condition of I/R, preferably through varying the expression of genes associated with cell cycle, apoptosis, proliferation, and inflammatory response.
Introduction
Reperfusion injury starts with the simple reoxygenation of tissues after ischemic insult causes hypoxia. Endothelial cells are known to be sensitive to hypoxia, and during the reperfusion, endothelium seems to be the primary starting ground for reperfusion injury [1] , exhibiting multiple dysfunctions including loss of conjugation to the basement membrane, adherence of activated leukocytes, and overrelease of cytokines, all of which can impact significantly on overall outcome after global ischemia-reperfusion (I/R) insults [2] .
Since the 1950s, induced hypothermia has been used d 606 in surgery to resist ischemic or hypoxic insults, and up to now, mild-hypothermia-protection (32-34°C) has been widely accepted. Clinical application of mild hypothermia in I/R-mediated diseases, such as stroke, cardiac arrest, or organ transplantation has obtained favorable outcomes [3] . Although it has been suggested that a reduction of oxygen metabolism might not be the sole protective effect of mild hypothermia, the key mechanisms have not been clarified [4] . It is noteworthy that the degrees of induced hypothermia in the studies were comparable with what is required to induce changes in gene expression in mammalian cells in vitro, which raises the question of whether or not some of the beneficial effects of therapeutic hypothermia might be attributable to changes in gene expression.
We have demonstrated that mild hypothermia attenuated I/R-induced endothelial cell apoptosis via alterations in apoptotic pathways and JNK signaling [5] . Following our previous research, we used DNA microarrays to detect the differentially regulated gene expression in endothelial cells between hypothermic (33°C) and normothermic (37°C) reperfusion groups. The aim of this work was to provide new insights into mechanisms involved in protective effect of mild hypothermia.
Materials and Methods

Cell culture
Human umbilical endothelial cells (HUVECs) were cultured in endothelial cell medium (ECM) supplemented with endothelial cell growth supplement (ECGS), 5% fetal bovine serum (FBS) and penicillin/streptomycin (P/S) solution (all from Sciencell) in an incubator with 37°C, 5% CO 2 as described previously [5] . For experiments, cells of passage No. 4-6 were grown until confluence. The study was reviewed and approved by the institutional ethics review board of the Peking Union Medical College (Beijing, China).
Stimulated ischemia and reperfusion protocol
HUVECs were subjected to oxygen-glucose deprivation (OGD) injury as described previously [5] . Briefly, the OGD injury was initiated by placing cells in a tri-gas incubator with an atmosphere of 37°C, 5% CO 2 , 94% N 2 and 1% O 2 and in the presence of OGD media for 5 hours. After that, the exposure medium was exchanged with oxygenated ECM, and the cells were placed in an incubator at 37°C (normothermic control, n=3) or 33°C (hypothermic group, n=3) to mimic the reperfusion condition for 2 hours.
RNA isolation and Affymetrix GeneChip processing
Total RNA was isolated with TRIzol Reagent (Invitrogen) according to manufacturer's instructions and complemented with an additional wash step of 70% ethanol to increase the purity of the RNA. For all RNA samples quantity and purity were determined with the Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies), and RNA integrity was determined with the Bioanalyzer 2100 (Agilent Technologies). Five micrograms of total RNA was amplified with the One-Cycle cDNA synthesis Kit and GeneChip IVT labeling Kit. Fifteen micrograms biotin-labeled complementary RNA (cRNA) was fractionated and hybridized to Affymetrix GeneChip Human Genome U133 Plus 2.0 array according to the manufacturer's instructions. After 16 h of hybridization, the Gene Chips were washed and stained on a fluidics station 450 (Affymetrix) and scanned in a confocal scanner (Affymetrix GeneChip Scanner 3000) according to the Affymetrix GeneChip Expression Analysis Manual. On the U133 Plus 2.0 array, 54,614 probe sets analyze the expression of 47,000 transcripts representing 38,500 known genes.
Microarray data analysis
Raw signal intensities for each probe set in the .CEL files were analyzed using version 6.4 of the PARTEK GENOMICS SUITE software (Partek Inc.). The robust multiarray average (RMA) normalization method was used for RMA background correction, quantile normalization and medianpolish probe set summarization. Expression values were transformed to log2 before statistical analysis. A sample intensity plot was calculated, showing that the data were normally distributed for all samples, as well as the homogeneity of variance (no outlier), which also indicated the great similarity of biological replicates. Genes that were expressed differentially between normothermic and hypothermic groups were detected with one-way analysis of variance (ANOVA), a statistical technique used to compare means of two or more samples implemented in PARTEK. The recovered P-values of the comparisons were then corrected using a step-up false discovery rate value of 5%. The resulting list of significantly differentially expressed genes was filtered to include only genes that demonstrated 1.5-fold or greater upor down-regulation.
To search for enrichment of specific biological processes, the genes showing significantly differential expression between the two groups were classified into functional groups with DAVID (Database for Annotation, Visualization, and Integrated Discovery) according to Gene Ontology (GO). As input, the differentially regulated probe sets from the comparison were used. As output, significant processes (GOTERM) with P<0.05 were generated. In addition, related biological processes were clustered with the functional annotation clustering algorithms of DAVID. For each clustered process, this results in an Enrichment Score, the -log value of the geometric mean of the member's P values.
In addition, pathway analysis for the comparison was conducted through the use of KEGG Pathways database (Kyoto Encyclopedia of Genes and Genomes), which is a bioinformatics resource for linking genomes to life and the environment. Details can be found at http://www.genome.jp/kegg/. tive PCR (qPCR) analysis was performed using RNA obtained from normothermic group (n=3) and hypothermic group (n=3). Total RNA was purified from HUVECs with Trizol reagent (Invitrogen). Real-time PCR was performed using Bio-RAD iQ5 Multicolor Real-Time PCR Detection System with SYBR Green as fluorescent and ROX (Takara) as reference dyes as described previously [6] . The specific primers used were given in Table 1 .
Statistics
Results from qPCR analysis were presented as means ± SEM. Differences between groups were evaluated for statistical significance using Student's t-test. In each case, significance was defined as P<0.05.
Results
Data analysis: general features
Under the stress of reperfusion injury, 499 probe sets were found to be differentially regulated between normothermic and hypothermic groups. Of these 499 probe sets, 103 were up-regulated and 396 downregulated by mild hypothermia. We performed a hierachical clustering on the complete set of data of present genes. The analysis showed a clear separation of the normothermic reperfusion controls and hypothermic reperfusion samples, which indicated that hypothermic group had their own characteristic gene expression profile. Fig. 1 shows that a clear separation of the two groups was still maintained, when a clustering was performed on a subset of genes that displayed significant expression changes at P<0.05 and >2-fold.
qPCR validation of microarray analysis
To validate the microarray data, eight genes that were either up-or down-regulated in the microarray analysis were also determined by qPCR. These selected genes were IL8, VCAM1, CCL20, CXCL3, SMAD4, SKP2, DUSP6, and FGF18. Scatter plot analysis of the relative changes in expression as determined by qPCR and microarray, respectively, revealed a good correlation, Table 1 . List of primers used for Real-time qPCR.
Fig. 1.
Hierarchical clustering of the datasets shows significant separation between normothermic and hypothermic reperfusion groups. To appreciate the variance within each group, a hierarchical clustering of a subgroup of genes was performed (a subset of genes that displayed significant expression changes at P<0.05 and >2-fold). Each column represents expression on one specific sample (N: normothermic reperfusion; H: hypothermic reperfusion); each row indicates expression level of a gene; green color: represents down-regulated expression; red color: up-regulated expression; deeper shade indicates larger difference. The dendrogram shows that the clustering (Euclidean distances) clearly separates hypothermic group (H1-H3) from normothermic control (N1-N3).
thereby confirming the validity of the microarray data set (Fig. 2) .
Gene expression profiles
To assess the function of the differentially regulated probe sets, overrepresented GO classes were determined with DAVID. With this unbiased approach, biological processes (BP), molecular functions (MF), and cellular components (CC) affected by mild hypothermia were identified (data not shown). We should remember that the same gene may belong to different GO processes.
Biological processes are summarized. The annotated clusters are listed according to their Enrichment scores (data not shown). We can see by far the most prominently enriched biological process in the differentially regulated genes was cell cycle, with the enrichment score of 4.3. Besides of the cell cycle, some other processes were also predominated (Enrichment score>0.9) under mild hypothermia. These biological processes were related to development, morphogenesis, regulation of kinase activity, Fig. 2 . Scatter plot of relative changes in gene expression as determined by microarray analysis and by real-time qPCR. Eight genes were analyzed: IL8, VCAM1, CCL20, CXCL3, SMAD4, SKP2, DUSP6, and FGF18. Each symbol represents the fold change of the respective gene in hypothermic reperfusion group over normothermic control. cell development and death, cell communication, cell proliferation and growth, response to stress and inflammation, and cytoskeleton organization.
Genes associated with cell cycle
The biological process of cell cycle was the most overrepresented cluster between the normothermic and hypothermic reperfusion groups. In this process, twentynine genes were differentially regulated ( Table 2 ). Of them, thirteen genes were mediated in negative regulation of progression through cell cycle (the first thirteen genes in the Table 2) , and five genes were involved in cell cycle arrest, including GAS1, GADD45A, DST, SESN2, and IL8. Surprisingly, we did not detect numerous cyclin genes displaying differential expression except CCN1. From the Table 2 , we also noticed that SIK1, which encodes a protein kinase involved in cell cycle regulation, was upregulated in hypothermic reperfusion group with a foldchange of 2.7; SKP2, the regulator of p21 and p27, increased with a ratio of 1.67; gene of dual specificity protein phosphatase (CDC14A), working in dephosphatation of CDH1, was down-regulated. The other important cell cycle regulator genes such as STAT1 (down-regulated) and SMAD4 (down-regulated) were also changed in hypothermic reperfusion group compared with normothemic control. In addition, it was noteworthy that significant changes occurred in DUSP4 and DUSP6, whose transcriptional levels were found to rise under mild hypothermia.
Genes involved in apoptosis
We identified twenty-four genes that were involved in the apoptosis biological process from these 499 differently expressed probe sets. The twenty-four genes were displayed in Table 3 , including ten genes related to anti-apoptosis (the first ten genes in Table 3 ). It was valuable to notice that three anti-apoptosis genes, SOCS3, TNFRSF10D, and PIK3R1 were up-regulated by mild hypothermia. PIK3R1, is an upstream regulator of AKT1 which can phosphorylate BAD, inhibiting apoptosis in the IGF signaling pathway. However, we also observed NFKBIE, a molecular involved in inhibiting apoptosis, and BIRC3, mediated in caspase inactivation, were downregulated. Some other important genes in apoptosis were also changed significantly, including PAWR (downregulated), ATXN1 (up-regulated), HSPA1A (downregulated), and TNFSF18 (down-regulated).
Genes associated with cell proliferation
Twenty-one genes were involved in cell proliferation (Table 4) . We noticed that FGF18, a positive regulator of cell proliferation was down-regulated by mild hypothermia. However, we identified ten negative regulator genes which changes were confused (the first ten genes in Table 4 ). GAS1, IBTB16, BTG1, and KLF4 were up-regulated, but the other six genes including PAWR and TOB2 were in a lower mRNA level under Table 3 . Fold change in hypothermic reperfusion group over normothermic control of genes involved in apoptosis. mild hypothermia. In addition, it was interesting to observe that BMPR2 (bone morphogenetic protein receptor, type α), was decreased under mild hypothermia, which was a new target to further test for the influences of mild hypothermia on TGFβ-BMP pathway.
Chemokines and cytokine-cytokine receptor interaction
Response to stress and inflammation was also a prominently over-expressed process. In this cluster, seven genes were involved in chemokine activity (Table 5) . Among them, six chemokine genes were significantly down-regulated by hypothermic reperfusion including CXCL1, CXCL3, CXCL6, IL8, CCL20, and CMTM8. Using the KEGG Pathway Analysis, we also found that many genes altered by mild hypothermia were related to cytokines or cytokine receptors, including the family of chemokines, TNF, and TGFβ. The significant interaction between cytokines and cytokine receptors was presented in Fig. 3 .
Cell-cell adhesion
Cell adhesion was not an enriched term in the biological process, but the cell adhesion, especially endothelial adhesion molecules were of great importance during I/R injury. We observed that 10 genes were related to cell adhesion, and interestingly, all of them showed a lower expression level under hypothermic reperfusion (Table 6 ). Two endothelial adhesion molecules, VCAM1 (vascular cell adhesion molecule 1) and ALCAM (activated leukocyte cell adhesion molecule), were noticed for the down-regulation with the ratio of 3.2 and 1.5, respectively.
Genes associated with transmembrane transporter and lipase activity
Although the precise cellular mechanisms induced by hypothermia are unclear, it is noteworthy that hypothermia can reduce oxygen consumption and metabolic rate. In the metabolic processes, we found that two molecular function terms, transmembrane transporter and lipase activity, were much affected (data not shown). We observed that the differentially expressed genes were involved in carboxylic acid, organic acid, amino acid, or ion transmembrane transport and phosphoglycerides hydrolysis metabolism, and interestingly, all of them were down-regulated. However, no significant change occurred in enzyme genes associated with ATP metabolism. Table 4 . Fold change in hypothermic reperfusion group over normothermic control of genes involved in cell proliferation. Table 5 . Fold change in hypothermic reperfusion group over normothermic control of genes involved in chemokines. Fig. 3 . Picture of genes involved in the cytokine-cytokine receptor interaction generated by KEGG Pathways. Red indicates increased expression in hypothermic reperfusion group over normothermic control; blue, decreased expression.
Discussion
The endothelial lining of blood vessels forms a selective permeability barrier between plasma and interstitial space. During the course of I/R, the endothelial barrier becomes disturbed. The 'activation' of endothelial cells after reperfusion injury is reflected by the production of proinflammatory mediators, adhesion molecule expression, and leukocyte and platelet adherence to endothelium with attendant microvascular plugging [7] , all of which can impact significantly on overall outcome after global I/R insults. Although mild hypothermia has been shown to be protective in experimental I/R models [8] [9] [10] , little is known about the mechanisms of hypothermic protection on endothelium, and the overall gene expression profile under hypothermic reperfusion is to be elicited. For these reasons, we performed microarray experiments on HUVECs after reperfusion under normothermia or mild hypothermia. Our data provided novel and comprehensive information regarding Table 6 . Fold change in hypothermic reperfusion group over normothermic control of genes involved in cell adhesion.
the gene expression profile of hypothermic protection during I/R insult. These results, however, do not yet allow drawing precise conclusion about mechanism of hypothermic protection. It is interesting to discuss the changes that were put in evidence in the present microarray analysis.
The cell cycle was the most prominent process in the comparison between normothermic and hypothermic reperfusion groups. Twenty-nine genes were significantly affected by reperfusion under mild hypothermia (Table  2) . Among them, SIK1 was observed. Recently, a study suggested a possible function for SIK1 (also known as SNF1LK) in G2/M regulation [11] , but there was no report about its role in hypothermic effects, and in our study, we presented it as a hypothermia-sensetive gene. Moreover, it was interesting to notice that SKP2 was induced in reperfusion under mild hypothermia. As we know, P21 and P27 were important negative regulator of cell cycle, and SKP2 expression can promote their ubiquitin-mediated degradation [12] , which to some degree, suggested that mild hypothermia might mitigate cell cycle arrest during I/R. The lower level of SMAD4 in hypothermic group was significant, because it inhibited cell cycle and induced apoptosis [13] , which also supported the hypothermic resistance to I/R-induced cell cycle arrest.
Attenuating stress-induced apoptosis is a major aspect of hypothermic protection [14] [15] . Although our results showed that some genes related to anti-apoptosis exhibited lower expression levels in hypothermic group, including TNFSF18, BIRC3, and NFKBIE, the changes of other important genes did make sense. We observed a high level of TNFRSF10D expression in our hypothermic data. Tumor necrosis factor receptor superfamily member 10D is a member of the TNF-receptor superfamily and is encoded by the TNFRSF10D gene. This receptor has been shown to play an inhibitory role in TRAIL-induced cell apoptosis [16] , therefore, its high level in hypothermic groups might interest investigators to perform further studies. PAWR is a human gene coding for a tumorsuppressor protein that induces apoptosis in cancer cells [17] , and its expression was inhibited under mild hypothermia. The IGF signaling pathway has been accepted to promote cell survival in many cell types [18] [19] . PIK3R1, an upstream activator of AKT1 which can phosphorylate BAD, inhibiting apoptosis in the IGF signaling pathway, was shown to be up-regulated under hypothermic reperfusion. Following these presentation, we suggested that these genes could be selected as novel targets to fully investigate the mechanisms involved in hypothermic resistance to apoptosis. Furthermore, many studies referred hypothermic protection against stress-induced apoptosis to kinase signal pathway. Our microarray profile presented the regulation of kinase activity as an enriched cluster (data not shown), which also argued its important role in hypothermic protection.
Mild hypothermia suppresses stress-induced apoptosis, but it did inhibit cell proliferation in some studies [20] [21] . Several genes associated with regulation of cell proliferation were identified in the comparison between normothermic and hypothermic reperfusion groups. We noticed several negative proliferation regulator genes in Table 4 including GAS1, KLF4, PAWR, and TOB2. GAS1 and KLF4 exhibited higher expression levels in hypothermic group, whereas PAWR and TOB2 were down-regulated. In addition, fibroblast growth factor 18 (FGF18), an activator of cell proliferation [22] , appeared in a lower expression level. Some studies reported that TGFβ-BMP pathway was involved in regulation of cell proliferation [23] [24] . Thus, it was interesting to note that BMPR2, bone morphogenetic protein receptor, type II (serine/threonine kinase), was decreased when reperfusion under mild hypothermia. As we can see, from our current evidences, it was hard to draw a definite conclusion about the effect of mild hypothermia on cell proliferation. Therefore, thorough investigations were needed to discover the precise relationship between mild hypothermia and proliferation of cells.
Mild hypothermic protection is associated with remarkable suppression of the inflammatory response, such as reduced inflammatory cell infiltration, and reduction of a variety of inflammatory cytokines. In our study, we were pleasantly surprised by noting that, mild hypothermia produced a decrease in the level of expression of a number of chemokine mRNA, including CXCL1, CXCL3, CXCL6, IL8, CCL20, and CMTM8. A recent study indicated that acute hypothermia (30°C) upregulates the expression level of a functionally diverse array of splenic cytokines and chemokines, such as IL1, IL6, CXCL2, CXCL10, CCL2, and CCL20 [25] . Additionally, mild hypothermia did not attenuate the increases in cerebrospinal fluid cytokine levels after severe traumatic brain injury versus normothermia [26] , but significantly reduced serum levels of IL1β, TNFα and IL6 during acute pancreatitis [27] . In our research, the data tended to show a pattern of decreased expression of chemokines in hypothermic reperfusion, which provided strong evidence to elucidate the anti-inflammatory effect of mild hypothermia. Furthermore, it appeared that reperfusion under mild hypothermia could affect the expression of a number of molecules known to be involved in cytokine-cytokine receptor interaction (Fig. 3) , which covered the families of chemokines, TNF, and TGFβ.
Endothelial cell surface expression of adhesion molecules is considered to be a crucial step in the systemic inflammatory response to I/R insult. Moreover, leukocyte trafficking from the blood to target organ is essential for the initiation of inflammation, which is dependent on intercellular cell adhesion (ICAM1) and vascular cell adhesion (VCAM1) expressed by the endothelial cells. Activated leukocyte cell adhesion molecule (ALCAM) known as a novel endothelial adhesion molecule was also mediated in leukocyte infiltration [28] . Previous studies reported that mild hypothermia attenuated neutrophil infiltration in the rat neocortex after focal I/R injury [29] , and neutrophil adherence to activated endothelium mediated by E-selectin was reversibly inhibited by hypothermia [30] . In our study, we detected ten genes associated with cell adhesion, and interestingly, all of them showed a lower expression level under hypothermic reperfusion (Table 6 ). Among them, two endothelial adhesion molecule genes, VCAM1 and ALCAM were of great significance. However, the other endothelial adhesion molecules were not detected for differential expression. Thus, our microarray data supported the notion that mild hypothermia might inhibit inflammatory response through reduced expression of VCAM1 and ALCAM.
The opinions about the role of energy metabolism in hypothermic effects are controversial. Some supported that mild hypothermia attenuated ATP depletion [31] , however, the other studies disagree with this conclusion [32] , therefore, a report reasoned that hypothermia's effect on energy depletion was unlikely to play a significant role in its protective mechanisms [14] . Our results showed that no enzyme associated with ATP metabolism had different expression, such as ATP synthase, but it was noteworthy to observe that the expression of fourteen transmembrane transporter genes changed in reperfusion under mild hypothermia, all of which were significantly down-regulated, and interestingly, four lipase genes showed the same change (data not shown). These, virtually supported that mild hypothermia might reduce the rate of material metabolism, predominantly through suppression of substance transmembrane transport.
In conclusion, this microarray investigation yielded a large number of genes related to important biological processes and functions, the expression of which was significantly changed within mild hypothermia. Cell cycle, apoptosis, and cell proliferation appeared to be involved in the most prominent over-expressed processes. Chemokine and cell adhesion were among the most significantly under-expressed inflammatory processes, the same as transmembrane transporter and lipase activity. All of these results are suggested to play prominent roles in mild hypothermia-induced effects. Some views for the possible functional consequences of these changes are discussed. Furthermore, some altered gene expression may be novel points to elucidate the protective mechanisms of mild hypothermia.
